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Loss of Bottlebrush Stiffness due to Free Polymers†

Ingeborg M. Storm,∗a Micha Kornreich,b‡ Ilja K. Voets,c, Roy Beck,b, Renko de Vries,a,
Martien A. Cohen Stuarta and Frans A. M. Leermakersa

A recently introduced DNA-bottlebrush system, which is formed by the co-assembly of DNA with
a genetically engineered cationic polymer-like protein, is subjected to osmotic stress conditions.
We measured the inter-DNA distances by X-ray scattering. Our co-assembled DNA-bottlebrush
system is one of the few bottlebrushes known to date that shows liquid crystalline behaviour.
The alignment of the DNA bottlebrushes was expected to increase with imposed pressure, but
interestingly this did not always happen. Molecularly detailed self-consistent field calculations tar-
geted to complement the experiments, focused on the role of molecular crowding on the induced
persistence length lp due to the side chains and the cross-sectional width D of the molecular bot-
tlebrushes. Both the thickness as well as the backbone persistence length drop with increasing
protein-polymer bulk concentrations and dramatic effects are found above the overlap threshold.
The flexibilisation is more significant and therefore the bottlebrush aspect ratio, lp/D, decreases
with protein-polymer concentration. This loss in aspect ratio is yet another argument why molec-
ular bottlebrushes rarely order in anisotropic phases and may explain why bottlebrushes are ex-
cellent lubricants.

1 Introduction
The term “bottlebrush” denotes macromolecular architectures
that consist of a backbone with many densely attached and
therefore stretched (compared to the Gaussian dimensions) side-
chains.1 Bottlebrush systems have been investigated intensively
experimentally,2–8 and from a theory9–12 and simulations13–19

perspective. A well known application for polymer brushes can be
found in lubrication of materials.20–24 The aggrecan molecule is a
famous biological lubricant. Aggrecan is part of the articular carti-
lage that ensures the lubrication of joints in the human body.25–28

This molecule in fact is a bottlebrush with side-chains that are bot-
tlebrushes by themselves. Aggrecan has highly charged polysac-
charide side chains and therefore has a tremendous capability to
hold water even under large pressures. This ability to attract wa-
ter results in a swollen structure that reduces the friction of the
joints and thereby prevents wear.

Another biological bottlebrush system is the anisotropic neuro-
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filament gel-like network which provides mechanical stability and
strength to high aspect ratio neuronal cells. Neurofilaments have
a compact rigid cylindrical core with polypeptide side-chains,
which have an unstructured polymer-like projection domain that
stretch away from the core due to electrostatic- and steric lateral
interactions. The liquid crystalline network that neurofilaments
form arguably have a role to resist external pressures.29–33

Recently we introduced a model bottlebrush system which is
extremely well defined in molecular terms, but which is definitely
less complicated than the natural counterparts and still features
relevant physical properties such as the ability to order in liq-
uid crystalline phases.34 We use the semi-flexible double stranded
DNA (dsDNA) chain as the core of the bottlebrush. For the side
chains we use a recombinant protein polymer. The latter macro-
molecules are unique because they are strictly monodisperse and
chirally pure. The name that is used, C4K12, reflects its function-
ality.35 The binding block consist of 12 positively charged lysines
(K12) that bind electrostatically to the negatively charged DNA
backbone. The C4-block is a 400 aa hydrophilic randomly struc-
tured collagen-like block, a concatenation of four sequences of
100 aa (for the exact aa sequence see ref35). This collagen-like
block has no significant secondary or tertiary structure and forms
the corona of the DNA-protein polymer complex.36 As the graft-
ing density of the corona is sufficiently high, the thickness of the
corona is more than twice the radius of gyration of the free pro-
tein, the C4-chain blocks are strongly stretched.34 That is why
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we can refer to these complexes as co-assembled molecular DNA-
bottlebrushes.

From a theoretical perspective we expect that co-assembled
bottlebrushes can, to first order, be considered as supramolecu-
lar bottlebrushes with covalently grafted side chains. Fredrickson
was the first to analyze the effect of side chains on the physi-
cal properties of the bottlebrush and hypothesized that the side
chains would help flexible backbones (main-chains) to form liq-
uid crystalline phases.37 Subsequent self-consistent field mod-
elling revealed that the induced persistence length increases
quadratically with the coverage of side chains along the main-
chain, i.e. lp ∝ (N/h)2 where N is the number of segments of the
side chains and h the distance between the side chains along the
backbone, see Figure 1(a).11 Theoretical approaches11,38 agree
that the thickness of a bottlebrush scales as D ∝ N3/4h−1/4 and
therefore one would expect the segment aspect ratio lp/D to in-
crease with increasing N and decreasing h. Although this be-
haviour is undisputed for large N, the very small value for the
numerical prefactor for the mentioned persistence length lp de-
pendence, leads to the insight that in experimental cases the as-
pect ratio lp/D remains small. Accordingly, it explains why most
bottlebrushes are flexible and so few are known to form liquid
crystals.

This does not imply that liquid crystallinity is excluded for bot-
tlebrushes with a flexible backbone as exemplified by the syn-
thetic liquid crystalline bottlebrush made by Wintermantel et al.2

Their system is very similar to the ones reported by Tsukahara et
al.39 and Nakamura et al.40 who report liquid crystallinity for a
flexible backbone densely decorated by flexible polystyrene side
chains. Another example of liquid crystallinity of bottlebrushes
that have a flexible backbone is the PNIPAAM bottlebrushes of
Li et al.41 In this case the molecules align anisotropically when
heated above the lower critical solution temperature (LCST). It
appears the long side-chains collapse due to the fact that they
become insoluble and thereby form anisotropically structured ag-
gregates. The absence of sufficient examples in the past twenty
years raises some questions regarding the feasibility of liquid crys-
tals made from bottlebrushes with a flexible backbone. In the cur-
rent paper we will argue that molecular crowding is yet another
reason why bottlebrushes show a low tendency towards liquid
crystallinity.

Bottlebrush molecules are critical components of systems which
are required to withstand high external pressures.42–45 To inves-
tigate how pressure influences the distances and alignment of our
DNA-bottlebrushes we submitted the system to external osmotic
pressures. We used large volumes of a poly(ethyleneglycol) (PEG)
solutions46,47, separated from the bottlebrush solution by a mem-
brane to avoid the loss of protein C4K12 chains. The inter-DNA
spacing was measured by means of small angle X-ray scattering
(SAXS) in the regime where the system is liquid crystalline. From
the sharpness of the scattering peaks we extracted information
on the alignment of the bottlebrushes. When most of the pro-
tein polymers was expected to be electrostatically bound to the
DNA, the alignment improved with increasing pressure. How-
ever, when there was an excess of protein-polymer this was no
longer the case. We concluded that molecular crowding has a

negative impact on the propensity of bottlebrushes to form liquid
crystalline phases.

Complementary self consistent field (SCF) calculations focused
on the interaction between bottlebrushes in a cell model and ex-
tracted from this the osmotic pressure in the system as a function
of the inter-chain distance. The same framework is used to pre-
dict how freely dispersed chains (molecular crowding) influences
the induced persistence length and the cross-sectional diameter of
molecular bottlebrushes. The latter calculations revealed that the
segment aspect ratio goes down when the freely dispersed poly-
mer concentration exceeds the overlap threshold. In line with
our experiments, the SCF calculations thus indicate that molecu-
lar crowding inhibits liquid crystalline behaviour.

In our system the bottlebrushes are formed by a co-assembly
of protein-polymers with dsDNA. In such a system the freely dis-
persed polymers cannot be ignored. As mentioned these freely
dispersed polymers do affect the aspect ratio of the bottlebrush
molecules. This observation is relevant for the biological con-
text, as in biological systems bottlebrushes will never be in a sin-
gle molecule state and invariably surrounded by freely dispersed
macromolecules. The response of molecular bottlebrushes on
such crowding molecules has been partly addressed in the litera-
ture. The reduction of the induced persistence length upon an in-
crease in bottlebrush concentration was predicted in an early pub-
lication by Borisov et al.,48 and experimentally shown by Rathge-
ber and Bolisetty,49,50 but the effect of free polymer has not yet
been explicitly considered.

2 Materials and methods

2.1 Production and purification of C4K12

The protein polymer used in this work, C4K12, was biosynthesized
by genetically modified Pichia Pastoris cells, carrying a gene that
encodes for the secreted expression of the diblock protein poly-
mer C4K12.35

After the fermentation was completed the protein solution was
separated from the yeast cells by centrifugation (16000 g, 30 min,
4 ◦C) and filtration (0.2 µm Acropak 200 capsules with Supor
membrane from Pall Corporation). To purify the produced C4K12

protein we first increased pH to 8 using NaOH and centrifuged
(16000 g, 30 min, 4 ◦C) the protein solution to remove the ma-
jority of medium salts. After centrifugation C4K12 proteins were
separated from secreted Pichia Pastoris proteins by selective pre-
cipitation with ammonium sulphate (45% saturation). This pre-
cipitation step was performed for 30 minutes at 4◦C. The C4K12

pellet was redissolved in 0.2 times the original volume (∼ 1 l)
of 50 mM formic acid and extensively dialysed against 50 mM
formic acid. During the last dialysis step the proteins were dial-
ysed against a 10 mM formic acid solution. Consecutively, the
C4K12 solution was freeze dried.

2.2 DNA preparation

For the preparation of the DNA bottlebrushes we used DNA type
II fibers (Sigma). The DNA was dissolved in a 10 mM Tris-HCl
buffer of pH 7.6 to a concentration of 2 mg/ml. The DNA solution
was sonicated with a Bandelin Sonopuls GM 70 (power 2/3 and
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100% cycle) to decrease the length of DNA. The solution was son-
icated for 10 minutes to obtain DNA fragments of approximately
500-1000 base pairs (bp).34

2.3 Sample preparation
The concentrated DNA-C4K12 co-assemblies were prepared by
mixing the DNA and C4K12 in the desired ratio in a dilute so-
lution. It was estimated earlier34 that 10 g of protein is needed
to completely neutralize 1 g of DNA. We therefore introduce the
weight ratio Γ = 10 g/g and refer to this as the (charge) stoichio-
metric ratio. In our experiments we used this ratio and a three
fold excess, i.e., Γ = 30 g/g.

After overnight incubation the samples were concentrated us-
ing centrifuge filters (Amicon Ultra-0.5 ml 3K membrane). The
samples were washed with a 10 mM Tris-HCl buffer of pH 7.6
with 0.05% NaN3 to remove excess salt. The DNA-C4K12 com-
plexes (typically 30 µl) were placed in small 3.500 MWCO Slide-
A-Lyzer MINI dialysis units. These dialysis units were placed in a
40 ml solution, consisting of a specific PEG concentration. This
PEG solution was made by first making a 40 wt% PEG solution
in a 10 mM Tris-HCl buffer of pH 7.6 with 0.05% NaN3. The 40
wt% PEG solution was then diluted with Tris buffer to the appro-
priate PEG concentration. The incubation period was one week.
Conversion from wt% PEG to pressure was done according to:

Π = 10a+b×(wt%)c
(1)

where a = 1.57, b = 2.75 and c = 0.21.46

2.4 SAXS
Our concentrated samples were placed in Hilgenberg quartz capil-
laries with an outer diameter of 1 mm and a wall thickness of 0.01
mm. The concentrated samples for the osmotic stress experiments
were measured on a SAXS-LAB instrument with a Xenocs GeniX
Low Divergence Cu Kα X-ray source in combination with a Pila-
tus 300 K detector (Dectris, Baden, Switzerland). A wavelength
of 1.54 Å was used together with sample-detector distances of
110, 710 and 1510 mm respectively. With these configurations
we have a q-range available of 0.006-2.41 Å−1. A typical data
acquisition time was 1800 s. The 2D data was then radially aver-
aged using the SAXSGUI software to produce 1D plots of intensity
as a function of q.

The samples that consisted of a low concentration of DNA and
protein polymers were used to determine the brush thickness of
the DNA-bottlebrushes. For the samples we used 250 µg/ml λ -
DNA in the presence of a three times excess amount of C4K12 pro-
tein polymer of 7.5 mg/ml, which is denoted as Γ = 30. For the
sample consisting only of free protein we used a concentration of
30 mg/ml. These low concentration samples were measured at
the I911-4 beamline at MAXlab II, Lund, in Sweden. The q-range
we used corresponded to 0.008-0.550 Å−1 with an incident wave-
length of 1.2 Å. The samples were measured in a ‘high throughput
solution scattering set-up’ to properly subtract the buffer from the
sample at exactly the same location in the capillary. The detector
used was a PILATUS 1M detector from Dectris. The acquisition
time for each sample was 20 minutes. The data processing was

Fig. 1 A schematic bottlebrush molecule used in the SCF calculations
where h is depicted as the distances between side chains (a). A
top-view of a schematic representation of the cell model: where the
backbone of the bottlebrush is in the middle of the figure going into the
plane of the figure. The circular dotted line represents a mirror boundary
condition, N the length of the side chains, d/2 is the distance between
the brush and its image and r represents radial coordination (b). The
third figure shows a two gradient cylindrical coordination system with a
homogeneously curved bottlebrush. R is the radius of curvature
(curvature is J = 1/R), z the direction along the longest axis of the
cylinder and r the radial coordinate (c).

done by using SASview 3.0.0 software.
To fit our scattering data we used two types of models. To de-

scribe the experimental data collected for the free C4K12 protein
polymers in solution we used a model for polymers with excluded
volume,51,52 for the DNA-bottlebrushes we used a model for ran-
domly oriented homogeneous cylinders.53,54

2.5 SCF-calculations
Numerical self-consistent field calculations with the discretisation
scheme of Scheutjens and Fleer (SF-SCF)55 have been performed
using the sfbox program. In this approach the volume is repre-
sented by a lattice with characteristic size b = 5× 10−10 m. All
linear lengths are given in units b. Macromolecules are modeled
as freely jointed chains (FJC) with segment size equal to the lat-
tice site. In the FJC model two consecutive bonds along the chain
have uncorrelated directions, while nearest neighbor segments
occupy nearest neighbor lattice sites. In contrast to Gaussian
chains, FJC thus have a finite extensibility. Below we will use
a one-gradient cylindrical coordinate system (cell model) to eval-
uate the pressure-distance relation for compressed bottlebrushes
(cf. Figure 1(b)). In this case we have cylindrically curved layers
of lattice sites r = r = 1, 2, · · · d/2, where d is the distance be-
tween two DNA chains. The number of lattice sites at r is given
by L(r) = 2r− 1. A two-gradient cylindrical coordinate system is
used to evaluate the induced persistence length (cf. Figure 1(c)).
In this case we have coordinates r = (z,r), where the radial coor-
dinate is similar to the one-gradient case and the z-coordinate is
used to number lattice layers in the direction along the cylinder
axis z = 1, ,2 · · · , M.

Typical for the SCF theory a local mean-field approximation is
introduced, which means that at a given coordinate r the segment
densities are averaged, so that the relevant concentration can be
expressed as a volume fraction ϕ(r). Using this mean-field ap-
proximation it is possible to enumerate the number of contacts
between segments in the system and each contact is weighted
by the Flory-Huggins interaction parameters, which are non-zero
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for all unlike contacts. The SCF theory is based on optimization
of a free energy functional, which leads to a SCF “machinery”
working as follows. The effect of surrounding molecules on the
conformation of a particular component X is expressed in terms
of a potential field ux(r) which is computed from the volume frac-
tions ϕX (r) of the segments. The volume fractions, in turn, can
be found after statistical evaluation of the conformations.

2.5.1 Osmotic stress calculations.

Osmotic stress calculations are performed in a one-gradient cylin-
drical coordinate system. A graphical representation is given in
Figure 1(b). The DNA chain is assumed to sit with its center-
of-mass at r = 0. The bottlebrush is composed of N segments
of which the first segment is constrained to be at the DNA main-
chain location. For each calculation the number of chains per unit
length (1/h) of the DNA is an input quantity.

For a given SCF solution we have the free energy of the system
available. The free energy can be expressed in terms of the vol-
ume fraction and segment potential profiles F = F({ϕ,u})55. In
the cell model we can compute the free energy for a given value
of the cell size d/2. At the system boundary we have reflecting
boundary conditions which implies that the 6 ‘images’ (assuming
hexagonal ordering) of the central DNA chain are located at a dis-
tance d from the central chain. After the SCF equations are solved
the free energy is recorded as F(d/2). Subsequent variations of
the value of d give a free energy interaction

∆F(d/2) = F(d/2)−F(∞) (2)

where the reference F(∞) implies that we are interested in an
excess pressure and the free energy is given in lattice units of
kBT/b wherein b is the segment length. To obtain a pressure we
first need to go to a free energy per unit area. That is why the free
energy is divided by the length of the circumference of the upper
boundary

∆ f (d/2) =
∆F(d/2)

πd
(3)

Now the osmotic pressure is found by differentiation, i.e. Π =

−∂ f/∂d. This is implemented on the lattice by taking a difference
between two cell sizes:

Π(d/2) =−2( f (d/2)− f (d/2−1)) (4)

where the factor of 2 is needed because a change in the cell size
by one implies a distance d change of two. The pressure is given
in units kBT/b3. Using a lattice size b = 5× 10−10 m, gives for
Π(d) = 1 a pressure of 32×106 Pa.

2.5.2 Induced persistence length.

Referring to Figure 1(c) for an illustration, we position a bot-
tlebrush chain with its backbone location r = (M/2,R) such that
the radius of curvature is R and the curvature of the backbone is
J = 1/R. Onto the backbone we pin linear chains with length N
by their first segment. The contour length of the torus-like back-
bone is L = π(2R−1) and thus we fix the number of chains to the
backbone to be n = L/h. The mean-field approximation allows
for non-integer number of grafted chains. In the calculations we
allow for freely floating PEG polymers in solution. As the vol-

ume fraction of these chains is an input quantity, we compute the
characteristic free energy of the system as

Ω(J) = F(J)−nC4 µC4 −nSµS (5)

µC4 and µS is the chemical potential of the protein-polymers and
solvent respectively (unique function of the volume fraction in
the bulk), and nC4 is the number of C4 (free-floating) chains in
the system. As J is a small quantity with respect to the uncurved
bottlebrush, we can expand in a Taylor series the free energy per
unit length ω = Ω/L:

ω(J) = ω(0)+
1
2

kcJ2 (6)

Here kc =
∂ 2ω

∂J2 is the bending rigidity which has the units kBT l.
The odd terms in J can be omitted for symmetry reasons and
higher order terms are omitted as we will consider only the limit
of small values of J. Dividing the bending rigidity by the thermal
energy may be identified as the induced persistence length

lp =
kc

kBT
(7)

It is easily checked that bending a chain with length 2lp with
a curvature given by J = 1/lp will deflect the chain by about 60
degrees from its original direction.

In practice we evaluate ω(J) for a series of J values and then
plot (ω(J)−ω(0))× 2/J2 as a function of J. The idea is that a
horizontal line will result, which lies at kc. Important for this pro-
cedure is an accurate value of ω(0). As lattice artifacts introduce
numerical noise in the calculations, we fine tune the value of ω(0)
such that the predictions of kc are evenly distributed around an
average value, which is then taken as the final results.

2.5.3 Bottlebrush cross-sectional diameter.

In this section we examine the cross-sectional radius of the bot-
tlebrush. We compute this in the cell model with freely dis-
persed C4 chains in solution. The radial volume fraction profile
for the grafted chains is directly available after the SCF equations
have been solved. We use the first moment of the distribution of
the end-segments of the grafted chains to estimate the extension
(height) of the bottlebrush:

D =
1
h ∑

r
r ·n(r) (8)

Where n(r)= π(2r−1)ϕe(r) is the number of end-points located at
a distance r (in lattice units) from the central DNA chain. The fac-
tor 1/h equals the number of (side) chains per unit length along
the DNA main-chain.

2.6 Modelling parameters

As mentioned before, all linear lengths are presented in lattice
units b, for which we take b = 5×10−10 m. In the experiments we
have C4K12 chains of which the 12 lysines represents the binding
domain. We do not cover here the physisorption mechanism and
represent the bottlebrush by covalently linked chains onto a rigid
phantom backbone. Freely dispersed polymers are therefore also
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taken to have 400 segments. In theoretical studies one typically
chooses athermal solvent conditions. However, as we are aiming
the calculations to represent the experimental case, we consider
a ‘marginal’ solvent having a more realistic (still ad hoc) value
χ = 0.4, typical for many water-soluble polymers. The distance
between chains in the bottlebrush is estimated from previously
measured binding isotherms to be around 2 nm which implies
h ≈ 4.34 We have varied h around this estimated value and used
h = 2, 4, and 8.

3 Results and discussion
In this section we will first discuss X-ray scattering experiments on
dilute samples from which we extract the bottlebrush structure in
the presence of freely dispersed protein-polymers. In the analysis
of the osmotic stress experiments we focus on the position and
the width of the first structure peak. The SCF calculations are
presented in the second half of this section.

Fig. 2 Small angle X-ray scattering I(q) curves of (i) the DNA-C4K12
complexes (250 µg/ml of DNA) (blue) in the presence of excess protein
polymers (Γ = 30) and (ii) C4K12 protein solution (10 mg/ml) (black) with
corresponding fittings as discussed in the text. The gray curves
represent the relative contributions to the fit of the total scattering curve.
For clarity reasons, the relative contributions were scaled down.

3.1 Thickness of Brush Layer

In principle one can extract the structural information of the
molecular bottlebrushes from small angle X-ray scattering. These
experiments are challenging because the data have to be taken at
concentrations low enough to ignore the structure factor, imply-
ing long acquisition times. Fortunately, the structure factor infor-
mation can be pushed to lower values of q such that it is possible
to extract the cross-sectional information from the X-ray scatter-
ing from the 0.1 < q < 2 nm−1 range, cf. in Figure 2. In this ex-
ample we have besides the DNA-bottlebrush also freely dispersed
protein polymers. That is why the fitting is still non-trivial.

Let us first focus on the scattering of freely dispersed protein
polymers C4K12 also shown in Figure 2 (in black). In this case
the free protein-polymer has a concentration of 10 mg/ml and is
dissolved in a 10 mM Tris-HCl buffer of pH 7.6. These molecules
behave polymer like and that is why we used a “polymer excluded

volume” model. The corresponding fit (red) gives a radius of gy-
ration of 8.3 nm for the protein polymer C4K12 which is reason-
able for a polymer consisting of 400 segments.

The DNA-bottlebrushes in the presence of free protein produce
the blue scattering profile in Figure 2. The data was fitted by a
model combining two scattering entities: (i) a cylinder and (ii)
a polymer with excluded volume. The fitting parameters for the
polymer excluded volume model were taken from the reference
sample of free C4K12 protein polymer. The information for the
brush diameter can be obtained from the q-range: 0.1 < q < 0.3
nm−1 where the scattering from the bottlebrush dominates over
the scattering of the free protein. As a brush radius we find 13
nm, which is about twice the radius of gyration of the free pro-
tein. This means that the side-chains were forced to stretch when
attached to the DNA backbone molecule. This is in line with pre-
viously reported binding isotherms34 from which it was estimated
that under the present conditions there is about one C4K12 chain
per 2.7 nm DNA contour length, which implies short grafting dis-
tances. Much closer than the Rg value of 8.3 nm for the free
protein.

3.2 Osmotic Stress Experiments

The driving force for bottlebrush formation is the attraction of
opposite charges. More specifically, the positive charges of the
lysines tend to form ion pairs with the negative phosphate charges
on the DNA thereby releasing the counterions. The binding
strength of this interaction is expected to decrease with increas-
ing salt concentration. Here and below we used an ionic strength
of 10 mM. With an increasing amount of protein polymers in the
system we expect an increased binding. However, with increased
coverage the C4 tails becomes concentrated and progressively be-
come stretched and this gives a counter force for adsorption. In
addition, the net negative charge on the complex decreases with
coverage. Hence the driving force for adsorption decreases with
increasing coverage. For this reason it is not expected that full
coverage is found at Γ = 10 g/g, and it can not be avoided that
some of the protein molecules must remain in solution. In our
previous paper34 we estimated that the coverage under these con-
ditions is close to 75%. The choice to also perform experiments
for the ratio Γ = 30 g/g is motivated by the wish to increase the
coverage to values closer to unity. However, at this ratio, at least
two out of three of the protein polymers will remain unbound
and disperse in the solution. When an osmotic pressure is applied
to such a solution, the volume available for the freely dispersed
polymers is little and the concentration of polymer consequently
will be in the semi-dilute regime.

In previous experiments34 we concentrated DNA-protein-
polymer complexes by centrifugation and then changed concen-
tration by dilution. In such experiments it is unknown at what os-
motic pressures the resulting complexes reside. Therefore we per-
formed osmotic stress experiments. The liquid crystallinity of our
samples facilitated the measurement of the inter-DNA distances
by X-ray scattering. We performed the osmotic stress experiments
by bringing the DNA protein-polymer solution in contact with a
PEG solution. We first tried to do this without using a membrane.
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Fig. 3 a) The distances, d (nm), estimated from the position of the first
Bragg peak between DNA-bottlebrushes as a function of the osmotic
pressure Π (Pa) in lin-log coordinates. b) The corresponding
dimensionless width w as a function of the pressure Π (Pa) in log-log
coordinates. The red data points represent samples with a protein to
DNA charge ratio of Γ = 30 and the black data points have a ratio of
Γ = 10. Closed symbols belong to anisotropic samples, open symbols
correspond to isotropic samples and a vertical dashed line is used to
demarcate the isotropic- from the anisotropic phase.

It was found that the PEG solution phase separated from the DNA-
bottlebrush solution, but that individual protein polymers slowly
diffused into the PEG phase. Over time the protein-polymers de-
tached from the DNA, which was concluded from a drift in the
inter-DNA spacing. For this reason a membrane was used which
prevented the protein-polymers from leaving the system and also
prevented the PEG solution from entering the system. The equili-
bration time of the osmotic stress experiments is faster than one
day as proven by the time evolution of the position of the first
Bragg-peak shown in Figure 1 of the ESI†. To be on the safe
side we, therefore, equilibrated our samples for one week prior to
SAXS measurements.

The inter-DNA distances d are found from the positions of the
first Bragg-peaks of the X-ray scattering curves. To find precise
peak positions, we fitted I(q)×q by a parabola: I = I(q0)+bq(q−
q0)

2 in a q-range near the first Bragg peak. From this fit we found
the position of the maximum q0, and the corresponding distance
d follows from

d =
2π

q0
[nm] (9)

whereas the width of the peak is made dimensionless by

w = bqq2
0 (10)

The resulting distances d are presented in Figure 3(a) as a func-
tion of the osmotic pressure of the PEG solution (the correspond-
ing scattering data I(q) for both Γ = 10 and Γ = 30 can be found
in Figure 4 and 5 respectively). In Figure 3(b) we give the corre-
sponding dimensionless width of the first Bragg peak.

Figure 3(a) shows that, for given values of the osmotic pres-
sure, the sample with the excess amounts of protein polymer
(Γ = 30) has about 5 nm larger distances between the DNA back-
bone of two adjacent DNA-bottlebrushes than that at stoichiomet-
ric composition (Γ = 10). Recall that the typical size of the brush
has a diameter of 26 nm. Hence when the inter-DNA distance
is less than 26 nm the brushes are confined by the applied os-
motic stress. Inspection of Figure 3(a) shows that in the range

of applied pressures all distances are significant less than the un-
perturbed diameter, and we conclude that the brushes are com-
pressed, to a maximum extent of about a factor of two.

To a reasonable approximation the distance between the bot-
tlebrushes is a logarithmic function of the osmotic pressure. The
weak curvature indicates the pressure increases somewhat more
than exponential with decreasing distance. Upon reducing the
distance between the bottlebrushes one will always concentrate
the proteins because they can not escape from the system. In the
modelling (see below), such concentration effect is not accounted
for.

In passing we mention that at very low applied pressures (Π <

4×105 Pa) the anisotropy of the solution was lost as judged from
illumination through a crossed-polarizer set-up. The points for
which this was the case are given by the open symbols, whereas
all the anisotropic solutions are represented by closed symbols
in Figure 3. Note that no jump in distances is observed at the
pressure where the anisotropy of the solution is lost, indicating
that the density differences between the isotropic and anisotropic
phases is minute. The higher order scattering observed in the
Figures 4 and 5 demonstrates that the anisotropic phase corre-
sponds to a hexagonal liquid crystalline phase which we discussed
in more detail previously.34 The relative hexagonal peak positions
of; 1,

√
3,
√

4, and if present,
√

7 are indicated in the scattering
curves of Figure 4 and 5.

One might expect that with increasing applied osmotic pressure
the bottlebrushes are pushed against each other and therefore
would become more perfectly ordered. One thus would expect
the first Bragg peak to sharpen up upon an increase of the osmotic
pressure. Upon comparing the scattering curves of Γ = 10 with
Γ = 30 (Figure 4 and 5) it can be seen that the Bragg peaks of
Γ = 10 indeed become sharper and more pronounced, but the
peaks of the Γ = 30 samples do not. So the expected increase in
order upon the increase of the osmotic pressure is seen for Γ = 10
but not for Γ = 30 samples.

The measured width of the first Bragg peaks is shown in Fig-
ure 3(b). Inspection of this figure proves that the width decreases
(as a power-law) for the stoichiometric case Γ = 10, whereas it
is almost constant or becomes even wider with pressure for the
protein overdosed system, Γ = 30. At this stage we may specu-
late about why the ordering for the Γ = 30 samples does not in-
crease. The first explanation that comes to mind is that the excess
of protein-polymer takes up so much space that the alignment of
the liquid crystal is simply disrupted. As mentioned earlier, the
excess proteins cannot escape the system and should therefore
still be present in quite large quantities. Neither by using SAXS
nor a crossed-polarizer set-up could we find any indication that
the bottlebrushes and the free polymers are macroscopically sep-
arated from one another. Our C4K12 protein polymers are also
not known to interact attractively with C4K12 free polymers35 so
C4K12-C4K12 binding instead of DNA-C4K12 interactions are highly
unlikely. In such case there are only two options left for the freely
dispersed chains: (i) they disperse through the brush or (ii) they
reduce the brush height in order to generate space for themselves.
Below we will return to this issue and present arguments in favour
of the latter, because this mode can explain the loss in liquid crys-
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talline ordering of our DNA-C4K12 bottlebrushes.

3.3 Self Consistent Field Calculations

We use SCF theory to model molecular bottlebrush structure and
thermodynamics (mechanics) with the aim to find possible ex-
planations for these rather surprising results. We decided not
to consider the electrostatic binding adsorption mechanism and
opted for a bottlebrush model for which the grafting density is
an input quantity (h = 4 is the default and h = 2, 8 are used for
comparison reasons). We have seen that, experimentally, there
is an effect of freely dispersed polymer and that is why we keep
the bulk concentration of polymer as an extra control parameter
in the calculations. A bulk volume fraction of ϕb ≈ 0.01 signals
the start of the overlap (semi dilute) regime. We stress that in
experiments the polymer concentration and the grafting density
are coupled parameters. Not so in our model for which we can
treat these parameters as independent.

Let us first focus on the SCF prediction of the cross-sectional
distribution of the side chains. In Figure 6 we present the radial
volume fraction distribution of the grafted side chains. Wijmans
et al. have shown that in the first few layers a power-law decay
is found which gives way to a quasi-parabolic profile in the outer
region of the profile.56 Completely in line with this the radial
concentration profile drops quickly with increasing distance from
the main-chain (increasing r). When free polymer is added to the
system we notice a significant compression. Clearly, as soon as the
concentration of polymer exceeds the local density in the brush,
it becomes favorable for the brush chains to reduce the tension
along the chain and become more dense. Below we will quantify
this effect. In the inset of Figure 6 we present the distribution
of the free ends. This distribution is bell-shaped: the ends can
distribute throughout the brush albeit that they tend to avoid the
region extremely close to the backbone. The average position of
the ends is taken as a measure of the brush size and is indicated
by the vertical dotted lines.

The brush dimension D is computed for three values of h (2,
4, and 8) as a function of the bulk volume fraction of freely dis-
persed polymers and presented in lin-log coordinates in Figure
7. Obviously the brush height increases with increasing grafting
density (decreasing h) closely following the theoretical power-law
prediction D ∝ h−1/4 (not shown). With respect to the depen-
dence on the polymer concentration in the bulk, there are clearly
two regimes. As long as the polymer concentration in the bulk
remains dilute the brush height is independent of the polymer
concentration. For higher concentrations the height drops steeply
(approximately logarithmic) with the bulk volume fraction.

The compression of the brush by free polymers may also be
seen as a compression due to an applied osmotic stress. In this
case the stress is due to the concentration of the polymers. In the
semi-dilute regime the mean-field pressure of a polymer solution
is expected to scale quadratically with the polymer concentration.
Hence the almost linear drop with log(ϕb) implies a correspond-
ing drop with applied log(Π). One may argue that there is a dif-
ference between compressing the brush with an opposing brush
or with freely dispersed polymers. However these differences are

minor especially as the dominant factor is driven by the polymers
avoidance from interpenetration.

Before presenting the results of the cell-model we will first
briefly present our results of the induced persistence length of
the bottlebrush as a function of the bulk volume fraction of freely
dispersed polymers (ϕb

C4
). To the best of our knowledge there are

no predictions in the literature for this dependence. In Figure 8
we show the results in double logarithmic coordinates for three
values of the grafting density. Analytical theory predicts that the
induced persistence length increases quadratically with 1/h and
the calculations are in good agreement with this.11,38 As in Fig-
ure 7, which depicts D vs. ϕb

C4
, we again see two regimes. For

concentrations below overlap the bending rigidity of the bottle-
brushes is independent of ϕb

C4
. However, above this concentration

there is a power-law dependence with a slope not far from −1.
Hence the induced persistence length drops inverse proportion-
ally to the bulk volume fraction of freely dispersed polymers as
soon as the bulk concentration of polymers is in the semi-dilute
regime. Apparently, as soon as the brush chains are no longer
strongly stretched, the bottlebrush loses most of its induced rigid-
ity.

As explained above, within a cell model we can confine a cen-
tral bottlebrush by a homogeneously distributed set of neighbor-
ing bottlebrushes. The primary result is an increase of the free en-
ergy of the system with decreasing spacing d between the chains.
Here we do not present such ‘interaction’ curves. Instead we fo-
cus on the distance between the bottlebrushes as a function of
the (computed) osmotic pressure. The result is given in Figure
9 for three values of the grafting density and in the absence of
freely dispersed polymers. These predictions should be compared
to the experimental results given in Figure 3. Quite obviously the
distance is a decreasing function of the osmotic pressure. On the
lin-log scale we find, in accordance with the experimental data,
roughly a straight line and the slope is consistent with experi-
ments as it decreases somewhat with coverage. The slight cur-
vature in d(logΠ) indicate that the pressure is increasing slightly
stronger than exponential with decreasing distance, again in ac-
cordance with the experimental data. Clearly, with increasing
grafting density (reduction of h) for given pressure the distances
are larger when the grafting density is higher (h smaller); the
explanation for this is analogous to that given for D versus ϕb.

4 Discussion
In this paper we have presented osmotic stress experiments of
DNA-bottlebrushes formed by the attraction of positively charged
C4K12 protein polymers to negatively charged DNA and compared
the results to self-consistent field predictions. We found semi
quantitative agreement for the compression curves d(Π).

In the absence of free polymers, SCF results showed slightly
superlinear behaviour of d(logΠ). In complementary calculations
wherein we fixed the amount of free polymer at a given initial
distance between the bottlebrushes and then reduced the distance
between the bottlebrushes, we also found slightly stronger than
linear scaling of D with logΠ. We do not present these results
in more detail here, because the results depend strongly on the
initial distance at which the interaction curves were taken. Even
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though experimentally a similar problem may exist we decided
not to further elaborate on this.

We argued above that there is a close analogy between com-
pressing a polymer brush by increasing the free polymer concen-
tration and by reducing the distance between two bottlebrushes.
In the latter case the height of the brush is pushed back with the
help of a similar brush whereas in the former case this is done by a
semi-dilute solution of isotropic chains. The backbone of the bot-
tlebrush feels its side chains only when these are stretched and
then there is an induced contribution to the persistence length.
When compressed, e.g. by freely dispersed polymers or by nearby
bottlebrushes (in the osmotic stress experiments) the side chains
are no longer strongly stretched and thus the main chain does
no longer notice its side chains and the persistence length ap-
proaches that of the backbone.

In analyzing the osmotic stress experiments it was noticed that
the alignment of the DNA bottlebrushes with increased osmotic
stress did only occur in the system for which the free polymer con-
centration was low. In the case where the protein-polymer con-
centration was relatively high, it was found that the brush height
increased, however the alignment of the DNA bottlebrushes failed
to go up, as proven by the insensitivity of the peak width of the
first Bragg-peak in the X-ray scattering curves with increased os-
motic pressure. The SCF results theory indicates that the height
of the brush increases with decreasing h. Hence the experimen-
tally found increase in the brush height for larger values of Γ

may be explained by an increased coverage. SCF calculations fur-
ther showed that an increase of the concentration of free polymer,
especially above the overlap concentration, will cause a drop of
the brush height. The free polymers compress the brush. We
note that this reduction of the brush height is also visible ex-
perimentally when the diameter of the dilute bottlebrushes (ex-
tracted from Figure 2) is compared with the diameter of the com-
pressed bottlebrushes (Figure 3a). Again, as mentioned already
the modeling results proved that the induced persistence length
dropped with increasing free polymer concentration. In Figure 10
we present the corresponding predictions for the aspect ratio lp/D
as a function of the free polymer concentration for three values
of the grafting density. As expected the aspect ratio is indepen-
dent of the polymer concentration in the dilute regime. However,
the aspect ratio drops sharply with polymer concentration in the
semi-dilute regime. This drop is caused by the fact that the in-
duced persistence length is much more affected than the brush
height when the polymer concentration is increased. Clearly, the
free polymer concentration induces a flexibilisation of the bottle-
brush in the semi-dilute regime. This flexibilisation has a negative
influence on the alignment of the DNA bottlebrushes.

The use of side chains in a supramolecular bottlebrush archi-
tecture was thought to be a generic way to turn a flexible back-
bone into a semi-flexible macromolecule which would upon in-
creasing concentration go to a liquid-crystalline ordering.37 Yet,
it rarely happens; our case of co-assembled DNA bottlebrushes
is a rare example of supramolecular bottlebrushes that do show
such anisotropic ordering. We now understand that by increasing
the polymer concentration, the compression of the bottlebrushes
leads to a reduction of the stretching of the side chains. This in

turn reduces the induced persistence length. This reduction by
freely dispersed polymer is believed to be analogues to the reduc-
tion upon increasing bottlebrush concentration which is already
discussed in literature.48–50 As a result of this, the induced per-
sistence length decreases sharply with increase of free polymer
concentration or with increase of the bottlebrush concentration.
In other words, at high concentrations of the bottlebrushes it is
the bare persistence length of the backbone that counts; in our
experimental case the bare chain is DNA, which is semi-flexible
with a significant persistence length of 50 nm. Hence this sys-
tem can maintain its ordering upon compression. However, a
bottlebrush made of a flexible backbone may not show similar
behaviour and will randomise its directions upon concentrating
the solution. We therefore arrive at the conclusion that orien-
tational order of molecular bottlebrushes is more favourable for
semi-flexible backbone chains.

In the introduction it was elaborated that bottlebrush
molecules are interesting candidates for lubrication applications
and biological examples are available. We may now speculate that
for good lubrication properties the system should resist a com-
pression induced crystallization, because this would have neg-
ative impact on lubrication. Bottlebrushes have the property
that the molecules become more flexible upon compression and
thereby potentially keep performing as a lubricant under pres-
sure. At the same time the bottlebrushes are rather stiff in the
absence of external forces which may help to maintain a baseline
viscosity in the system.

5 Conclusion

We investigated the effect of free polymers and externally induced
osmotic pressure using X-ray and SCF calculations on liquid crys-
talline co-assembled DNA-bottlebrushes. The co-assembly was
formed by attraction of a positively charged protein polymer to
a negatively charged semi-flexible DNA backbone. We compared
experiments to self-consistent field calculations using a molecu-
larly realistic model. We find semi quantitative agreements be-
tween theory and experiment. The mean separation between
the bottlebrushes decreases close to logarithmically with imposed
pressure. We find that with increasing pressure the alignment of
the DNA bottlebrushes only occurred when there was a low con-
centration of freely dispersed protein polymers in solution. We
argue that freely dispersed polymers have a negative effect on
the aspect ratio of the bottlebrush polymers. When the free poly-
mer concentration is in the semi-dilute regime, it compresses the
bottlebrush side chains. This implies a reduction of the stretch-
ing of the side chains which in turn sharply reduces the induced
persistence length: the flexibility of the bottlebrush reduces to
that of the backbone. Our results may explain why in practice it
is necessary to start with a semi-flexible backbone chain in order
to come up with molecular bottlebrushes that feature liquid crys-
talline ordering. This conclusion is relevant for practical applica-
tions of bottlebrushes and their implication for the understanding
of biological relevant bottlebrush systems. The flexibilisation of
bottlebrushes under compression may explain why bottlebrushes
are excellent lubrication additives.
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Fig. 4 Small angle X-ray scattering (SAXS) profiles of scattering
intensity vs. magnitude of the wavevector (log I vs. log q) for
DNA-bottlebrushes with a protein to DNA ratio of Γ = 10. The samples
were equilibrated against PEG solutions of: 30 (red), 25 (yellow), 22.5
(light blue), 20 (purple), 17.5 (orange), 15 (green), 10 (dark blue), 5
wt%(black). Open symbols represent isotropic samples and closed
symbols are birefringent samples. The curves have been shifted
vertically for clarity.
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Fig. 5 Small angle X-ray scattering (SAXS) profiles of scattering
intensity vs. magnitude of the wavevector (log I vs. log q) for
DNA-bottlebrushes with a protein to DNA ratio of Γ = 30. The samples
were equilibrated against PEG solutions of: 30 (red), 25 (yellow), 22.5
(light blue), 20 (purple), 17.5 (orange), 15 (green), 10 (dark blue), 5
wt%(black). Open symbols represent isotropic samples and closed
symbols are birefringent samples. The curves have been shifted
vertically for clarity.

Fig. 6 Radial volume fraction profile ϕ(r) for the default case h = 4 and
side chains N = 400 for marginal solvent conditions χ = 0.4 in the
absence of free polymer (black curve) and in the presence of free
polymers (red curve). The free polymers are N = 400 segments long
with a bulk volume fraction of ϕb = 0.1 (dashed profile). In the inset we
give the number distribution n(r) of the free ends of the grafted chains,
both in the presence (red) and in the absence (black) of free polymer.
The vertical dotted lines represent the mean position of the end-points
which is a measure for the thickness of the brush D (in lattice units).

Fig. 7 The brush height (D) in lattice units b as a function of the volume
fraction ϕb of freely dispersed C4 (400 segments long) chains for three
values of the grafting distance h = 2, 4, 8.
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Fig. 8 Induced persistence length (lp) of the bottlebrush as a function of
bulk volume fractions ϕb of the freely dispersed C4 polymers for three
values of the grafting density (i.e. distance between grafts h = 2, 4, 8) in
double logarithmic coordinates.

Fig. 9 SCF predictions for the distances (d) between bottlebrushes as a
function of osmotic pressure Π (Pa) computed within a “cell model” for
three values of the distance between the grafted chains h = 2, 4, 8 in the
absence of free polymer.

Fig. 10 SCF predictions for the aspect ratio (lp/D) as a function of the
volume fractions ϕb of C4 for three values of the grafting density
(distance between grafts h = 2, 4, 8). These results are found by
combination of results of Figure 8 and 7.
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TOC figure: Increasing free polymer conc. inhibits liquid
crystalline ordering of supramolecular bottlebrushes due to a

loss in the stretching of the side chains.
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